We previously showed that HIV infection leads to expansion of a rapidly proliferating pool (s 1 ) of CD4 and CD8 T lymphocytes. In the current study, we used in vivo labeling with bromodeoxyuridine to characterize the kinetics of naive, memory, and activated (HLA-DR ؉ /CD38 ؉ ) subpopulations of CD4 and CD8 T lymphocytes, and to examine the relationship between kinetic parameters and baseline CD4 counts, HIV viral load, potential markers of microbial translocation, and cytokine levels. Activated cells showed the highest proliferation rates, followed by effec- 
Introduction
The hallmark of untreated HIV infection is an inexorable CD4 T-cell depletion in the majority of patients, yet the mechanisms leading to this depletion in vivo remain uncertain. Immune activation appears to play a major role in the pathogenesis of HIV infection and probably contributes to this CD4 depletion. [1] [2] [3] [4] One marker of immune activation, CD38 expression by CD4 and CD8 cells, has been shown to be an important prognostic marker for mortality or disease progression that is independent of viral load (VL). 5, 6 A major manifestation of immune activation is an increase in cell proliferation and death, especially of CD4 and CD8 T cells. In vivo labeling with bromodeoxyuridine (BrdU) provides a method for direct measurement of proliferation while allowing labeled cells to be followed longitudinally by flow cytometry. This leads to a more accurate determination of kinetic parameters, such as the decay rate and half-life of proliferating cells, than indirect methods, such as Ki67 staining provide. [7] [8] [9] [10] [11] In a previously published study, 11 we used BrdU labeling to identify rapidly and slowly proliferating subpopulations of CD4 and CD8 T cells and to demonstrate that plasma HIV levels were a primary determinant of lymphocyte turnover. These and other studies strongly suggested that increased cell turnover was a direct consequence of HIV infection and appeared to be a manifestation of immune activation rather than simply a homeostatic response to CD4 depletion. 6, 10, 11 In the current study, we have extended these findings to a larger patient population to examine proliferation and decay kinetics in naive, memory, and activated (HLA-DR ϩ /CD38 ϩ ) subsets of CD4 and CD8 T cells, and to examine the relationship between these kinetic parameters and potential modulators of immune activation, including baseline CD4 T-cell numbers, plasma HIV VL, potential markers of microbial translocation, and serum or plasma cytokine levels.
Methods

Patients
A total of 41 HIV-1 infected patients, who were in various stages of infection and with no major clinical or laboratory abnormalities were enrolled in the study between January 1999 and November 2004. Ten patients were immunologic nonresponders (CD4 count Ͻ 300 cells/mm 3 and VL Ͻ 50 copies/mL after Ͼ 1 year of highly active antiretroviral therapy [HAART] ). Patients were excluded from participation if they were pregnant or breastfeeding, or receiving 5-fluorouracil. The study was approved by the National Institute of Allergy and Infectious Diseases Institutional Review Board, and all patients provided written informed consent in accordance with the Declaration of Helsinki.
described. 2, 12 Cryo-preserved peripheral mononuclear cells were stained with phycoerythrin-labeled anti-Ki67 (clone B56; BD Biosciences PharMingen) as described. 13 
VL measurement
Plasma VL was measured by a bDNA assay with a lower detection limit of 50 HIV RNA copies/mL (Versant HIV-1 Version 3.0; Siemens). For statistical purposes, samples with a VL Ͻ 50 copies/mL were assigned a value of 50.
Plasma markers of microbial translocation and serum cytokine levels
Plasma levels of endotoxin were measured by the Limulus Amebocyte Assay (Lonza Switzerland), and plasma levels of soluble CD14 (sCD14; R&D Systems), lipopolysaccharide-binding protein (LBP; Cell Sciences), and endotoxin-core antibodies (EndoCAb; Cell Sciences) were measured by commercial ELISA kits as previously described. 14, 15 All samples except 1 were obtained within 1 week of the BrdU infusion. Serum IL-1␤, IL-2, IL-5, IL-6, IL-10, INF-␥, and TNF-␣ levels were measured by a 7-plex commercial kit (Meso Scale Discovery). Serum IL-7 was measured by commercial ELISA (R&D Systems). Thirty-three samples were obtained within 1 month of the BrdU infusion, 4 within 2 months, and 4 beyond 2 months.
Modeling and statistical analysis
Baseline T-cell counts and baseline VL were defined as the arithmetic mean of the values obtained at the visits during the first 7 days after the BrdU infusion.
A previously developed semiempirical model was used to describe the kinetics of BrdU-labeled T cells in the blood. 11 Briefly, the model considers that the kinetics of the fraction of labeled T cells after the peak of labeling consists of a 2-phase decay with significantly different slopes, suggesting the existence of 2 different subpopulations of cells each decaying with its own rate constant d (time Ϫ1 ). For each subpopulation, the model estimates the rate constant d (disappearance rate of the fraction of labeled cells in the blood), which reflects cell death, delabeling, and/or redistribution outside of the blood/lymphatic system, and the source rate of labeled cells, s (fraction of labeled cells entering the blood per unit time), which is proportional to the cell proliferation in the lymphoid tissue at the time of labeling. In addition, the model estimates the time required to reach the maximum concentration of labeled cells in the blood, , which correlates with the effects of trafficking from lymphoid tissues into the blood pool. The labeling data from each patient were fitted to the differential equations using the nonlinear least-squares Levenberg-Marquardt algorithm 16 and were solved using Labview Version 8.0 (National Instruments).
The nonparametric Wilcoxon signed-rank and Wilcoxon rank-sum tests were used for paired and unpaired comparisons, respectively. The associations between kinetic and baseline parameters were assessed using the Spearman rank correlation coefficient () and by simple or multivariate linear regression analysis (with and without interaction of covariates). To account for the association between repeated measures from the 6 patients who received 2 BrdU infusions, the generalized estimating equation method 17 was also applied. The predictive value, which is the proportion of variability explained by the regression model, was calculated for assessing goodness of fit of linear regressions. The predictive values of 2 nested models were compared using the F test. All P values were 2-sided and were not adjusted for multiple comparisons. P values Ͻ .05 were considered statistically significant.
Results
Patient characteristics
A total of 41 HIV-infected patients were enrolled in the study. At enrollment, the mean baseline CD4 count was 313 cells/L, the mean baseline CD8 count was 959 cells/L, and the mean baseline log-transformed VL was 3.24 log 10 copies/mL (1739 copies/mL); 11 patients had VLs Ͻ 50 copies/mL. Twenty-seven of the 41 patients were receiving combination antiretroviral therapy: 19 patients with VL Ͻ 400 copies/mL and 8 patients with VL Ͼ 1000 copies/mL. Six patients received 2 infusions of BrdU; the first was while receiving no or ineffective antiretroviral therapy, and the second was 8 to 26 weeks after starting an effective HAART regimen. At the time of second infusion, 5 patients had VLs Ͻ 50 copies/mL. Some results for 17 patients, including the 6 with 2 BrdU infusions, have been previously reported. 11, 18 The patient's characteristics and the datasets available for each analysis are summarized in Table 1 . Data on BrdU incorporation in total CD4 and CD8 T-cell populations were available for all 41 patients ( Figure 1A ). Maximum BrdU incorporation for these cells ranged from 0.2% to 5.9% and usually occurred 1 to 3 days after the infusion. Of note, maximal percentage of labeled CD4 T cells was significantly higher than maximal percentage of labeled CD8 T cells (2.37% vs 1.46%, P ϭ .002). There was a significant association between baseline VL and peak BrdU incorporation for both CD4 ( ϭ 0.40, P ϭ .009) and CD8 T cells ( ϭ 0.60, P Ͻ .001). In addition, the baseline CD4 count correlated negatively with CD4 ( ϭ Ϫ0.50, P Ͻ .001) but not CD8 ( ϭ Ϫ0.09, P ϭ .29) peak labeling. For 22 patients, each of whom received a single BrdU infusion, staining with CD45RA and CD27 was used to follow BrdU incorporation in naive (RA ϩ 27 ϩ ), central memory (RA Ϫ 27 ϩ ) and effector memory (RA Ϫ 27 Ϫ plus RA ϩ 27 Ϫ ) subsets, and staining with HLA-DR and CD38 for following activated (HLA-DR ϩ 38 ϩ ) subsets of both CD4 and CD8 T lymphocytes. The labeling in these subsets followed the same pattern seen with the whole population, peaking at days 1 to 4 after the infusion, followed by a gradual decline ( Figure 1B-C) . Higher peak labeling in CD4 compared with the respective CD8 subsets was observed for central memory (2.21% vs 1.20%, P ϭ .002), effector memory (5.21% vs 2.00%, P Ͻ .001), and activated (8.01% vs 3.73%, P ϭ .006) subsets, but not naive cells (0.76% vs 0.59%, P ϭ .68).
Rapidly and slowly proliferating subpopulations of T lymphocytes
The relationship between lymphocyte turnover and immunologic or virologic parameters was examined for 47 BrdU infusions in 41 patients ( Table 1) . As previously reported, the decay in labeling of CD4 and CD8 T cells was best described by a semiempirical model that incorporates a 2-phase decay representing 2 populations of cells: a rapidly proliferating pool and a slowly proliferating pool. 11 In that model, s is approximately proportional to the percentage of a given population that incorporated BrdU, and d represents the decay rate of labeled cells in that population. Thus, s 1 and d 1 are the kinetic parameters for the rapidly proliferating pool of cells, and s 2 and d 2 for the slowly proliferating pool. To understand the dynamics within the subsets, a similar analysis was performed for each subset. Figure 2 illustrates the 2-phase decay of BrdU label for total CD4 and CD8 T cells and their subsets for a single patient.
Analysis of the 47 sets of kinetics (Table 2) shows that, for the study population as a whole, CD4 s 1 is significantly greater than CD8 s 1 (0.012 day vs 0.009 day, P ϭ .001). Moreover, CD4 s 1 is highly correlated with CD8 s 1 for the same patient ( ϭ 0.66, P Ͻ .001). Similar to the peak labeling, s 1 was greater in CD4 compared with respective CD8 subsets except naive cells (central memory, 0.014 day vs 0.007 day, P ϭ .05; effector memory, 0.027 day vs 0.009 day, P Ͻ .001; activated, 0.079 day vs 0.049 day, P ϭ .011; naive, 0.005 day vs 0.004 day, P ϭ .69).
When the analysis was limited to the 31 sets of kinetics characterized by baseline VL Ͼ 50 copies/mL, results were similar: CD4 s 1 is greater than CD8 s 1 (0.014 day vs 0.013 day, P ϭ .009), and within patients CD4 s 1 is highly correlated with CD8 s 1 ( ϭ 0.79, P Ͻ .001). In contrast, no significant association between CD4 s 1 and CD8 s 1 was seen for patients with VL Ͻ 50 copies/mL ( ϭ 0.36, P ϭ .19; n ϭ 16; Figure 3 ).
Among the CD4 and CD8 T-cell subsets, CD4 s 1 within the central memory pool and within the effector memory pool was 2-to 5-fold higher (P Ͻ .001) than CD4 s 1 within the naive pool (Table 2; Figure 4 ). In addition, in both CD4 and CD8 T-cell populations, s 1 of cells within the activated pool was significantly higher (P Ͻ .001) than s 1 within the other subsets ( Figure 4) . The time to reach the peak of labeling () probably represents the time needed to complete cell division and transit from lymphoid tissue, where cell division primarily occurs, to the blood pool. No significant differences in were observed between total CD4 and total CD8 T cells. However, for both CD4 and CD8 T cells, Central Memory was significantly longer than Effector Memory (P ϭ Ͻ 0.001) or Activated (P Ͻ .005), but no significant differences were observed between Naive and Central Memory (Table 2) There was no significant difference in the decay rates (d 1 ) between rapidly proliferating CD4 and CD8 T cells, or in d 1 between CD4 subsets and their respective CD8 subsets.
Peak labeling and total s of proliferating CD4 and CD8 T cell pools correlate with Ki67 expression
We compared the most commonly used surrogate marker for lymphocyte proliferation in vivo, Ki67, with the peak BrdU labeling and the kinetic parameters of the model. There was a positive correlation between the BrdU labeling peak and the percentage of Ki67-positive cells for both CD4 ( ϭ 0.44, P ϭ .008; n ϭ 35) and CD8 ( ϭ 0.67, P Ͻ .001; n ϭ 34) T cells. Similar to peak BrdU labeling, the percentage of Ki67 ϩ in CD4 T cells was higher than the percentage of Ki67 ϩ in CD8 T cells (6.6% vs 5.9%, Table 1 , dataset 2) and the 22 patients for whom the BrdU kinetics of the subsets were also available (panels B-C; Table 1 , dataset 3).
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Association of CD4 and CD8 T-cell proliferation with CD4 T-cell count and HIV VL
There was a significant association between baseline VL and s 1 for both CD4 ( ϭ 0.49, P Ͻ .001; n ϭ 47) and CD8 T cells ( ϭ 0.69, P Ͻ .001; n ϭ 46). There were no significant correlations between baseline VL and s 2 or either of the decay constants. In addition, there was a significant negative correlation between baseline CD4 count and CD4 (but not CD8) s 1 ( ϭ Ϫ0.38, P ϭ .009; n ϭ 47) and CD4 (but not CD8) s 2 ( ϭ Ϫ0.49, P Ͻ .001; n ϭ 47). Because the CD4 count is typically correlated negatively with the VL, we estimated the relative contribution of VL and CD4 count through a multivariate analysis with s 1 or s 2 as the outcome of the model (Table 3 ). For CD4 s 1 and CD8 s 1 , the predictive value of VL alone was 22.9% and 29.9%, respectively. Although the predictive value of CD4 s 1 increased to 29.9% with the addition of CD4 count (P ϭ .04), the increase was not significant for CD8 s 1 (to 33.2%, P ϭ .15). Similar results were seen for the subset of kinetics in patients with VL Ͼ 50 copies/mL, although the predictive value increased to 34% and 46%, respectively, in the multivariate analysis. These data suggest that CD4 T-cell proliferation (as defined by s 1 or s 2 ; data not shown) is a complex function driven by both homeostatic and virologic pressures, whereas for CD8 T cells, proliferation (as defined by s 1 ) is primarily driven by VL. Neither VL nor the baseline CD4 T-cell count was significantly correlated with CD8 s 2 (results not shown). Similar results were obtained when the multivariate analysis included the interaction of CD4 T-cell count and VL as an additional covariate. Finally, generalized estimating equation analysis, which takes into account the association between multiple infusions, also confirmed the above findings on the driving factors of CD4 and CD8 T-cell proliferation (results BLOOD, 14 JULY 2011 ⅐ VOLUME 118, NUMBER 2 For personal use only. on May 29, 2017 . by guest www.bloodjournal.org From not shown). Multivariate analysis with d 1 or d 2 as the outcome showed no significant associations with baseline VL or baseline CD4 T-cell count for CD4 or CD8 T cells.
Immunologic and virologic parameters contributing to the proliferation of naive, memory, and activated CD4 and CD8 T-cell subsets
In the CD4 T-cell subsets, there was a negative correlation between baseline CD4 T-cell counts (but not baseline VL) and CD4 naive s 1 ( ϭ Ϫ0.51, P ϭ .014) and s 2 ( ϭ Ϫ0.45, P ϭ .036); whereas in the CD8 T-cell subsets, there was a positive correlation between baseline VL (but not baseline CD4 T-cell count) and CD8 naive s 1 ( ϭ 0.49, P ϭ .024). In addition, there was a positive correlation between baseline VL and CD8 effector memory s 1 ( ϭ 0.56, P ϭ .006) and s 2 ( ϭ 0.54, P ϭ .009). There were no other significant associations of VL or CD4 T-cell counts with either of the source rates in the remaining subsets of CD4 or CD8 T lymphocytes.
To better explain the differential effects in the subsets, we performed multivariate linear regression analysis using baseline CD4 counts and baseline VL as covariates and s 1 as the outcome of the model (Table 4) . Intriguingly, the CD4 count seems to modulate the proliferation of naive CD4 T cells (P ϭ .037), whereas the VL seems to modulate naive CD8 T-cell proliferation (P ϭ .002). VL is weakly associated with central memory CD4 (P ϭ .033) but not central memory CD8 (P ϭ .33) proliferation and is strongly associated with the proliferation of effector memory cells in both CD4 (P ϭ .006) and CD8 (P Ͻ .001) T-cell populations. Although the percentage of cells expressing HLA-DR ϩ 38 ϩ was positively correlated with VL as expected (% CD4: HLA-DR ϩ 38 ϩ , ϭ 0.45, P ϭ .035; % CD8: HLA-DR ϩ 38 ϩ , ϭ 0.42, P ϭ .054), neither covariate seems to influence the proliferation of activated cells within that pool for either CD4 or CD8 T cells.
Relationship between markers of microbial translocation and proliferation
Plasma levels of bacterial endotoxin and 3 other potential markers of microbial translocation, plasma lipopolysaccharide-binding protein, sCD14, and anti-endotoxin-core antibody (EndoCAb), were determined for a subset of 37 BrdU kinetics for which stored samples were available. There was no significant correlation between these parameters and baseline CD4 count or baseline VL. Further, no significant correlation was seen between CD4 or CD8 s 1 and any of these markers. Each marker was then added as a third covariate to the multivariate analysis shown in Table 3 . In these analyses (Table 5) , VL remained the dominant predictor of both CD4 and CD8 proliferation (P Յ .001), whereas endotoxin showed a weak negative correlation (P ϭ .037) and EndoCAb a weak positive correlation (P ϭ .046) only with CD4 s 1 .
We next undertook to determine whether microbial translocation played a role in subgroups of patients either with viremia or with viral replication controlled by HAART. For the 24 kinetics where the baseline VL was Ͼ 50 copies/mL, EndoCAb levels correlated positively with both CD4 ( ϭ 0.42, P ϭ .042) and CD8 ( ϭ 0.51, P ϭ .011) s 1. In multivariate analysis, none of the microbial translocation indicators remained significant for CD8 proliferation, with VL alone (P Յ .001) explaining 59.1% of variance in CD8 s 1 ; for CD4 cells, VL remained the most significant correlate (P Ͻ .005), whereas endotoxin again showed a weak negative correlation (P ϭ .031) with CD4 s 1 . In the 13 patients with VL Ͻ 50 copies/mL, none of the microbial translocation parameters correlated with CD4 s 1 or CD8 s 1 . Interestingly, for Median (interquartile range) of the estimated source rate (s), the decay constant (d), the total source rate (stotal ϭ s1 ϩ s2), mean decay constant
ϩ s2 ϫ d2)/( s1 ϩ s2)͔, and the half-life (T1/2 ϭ 0.693/dmean) for the 2 subpopulations of T lymphocytes from a total of 47 BrdU infusions in 41 patients for CD4 and CD8 T cells (46 infusions for CD8 T cells); 1 patient, with unusually high CD8 T-cell proliferation after therapy (about 1 order of magnitude higher than the average, statistically an outlier) was excluded from the analysis; 22 infusions from 22 patients for CD4 and CD8 T-cell subsets; 1 patient with very high effector memory CD4 T-cell estimates (24-fold higher than the average) and 1 patient with very high naive CD8 T-cell estimates (38-fold higher than the average) were excluded from the analysis. Also shown are the estimates of time to reach the maximum concentration of labeled cells in the blood (). The values for half-life represent minimal estimates because the rate constant d includes the effects of delabeling and redistribution.
266 SRINIVASULA et al BLOOD, 14 JULY 2011 ⅐ VOLUME 118, NUMBER 2
For personal use only. on May 29, 2017 . by guest www.bloodjournal.org From CD4 cells only, sCD14 showed a strong correlation with s total ( ϭ 0.73, P ϭ .005, n ϭ 13). In this population, sCD14 also showed a strong correlation with the percentage of activated CD4 ( ϭ 0.79, P ϭ .036) and CD8 cells ( ϭ 0.86, P ϭ .014), although the number of patients analyzed is small (n ϭ 7).
Although no significant association was found between s 1 in the subsets and the markers of microbial translocation, we further investigated the adjusted effect of the markers of microbial translocation on s 1 of CD4 or CD8 T-cell subsets by adding each parameter as a third covariate to the multivariate analysis shown in Table 4 . In both CD4 and CD8 T-cell subsets, none of the markers of microbial translocation were significantly associated with the proliferation (s 1 ); the covariates that remained (or were marginally) significant were the covariates that showed significance in Table 4 .
Relationship between plasma cytokine levels and proliferation
To investigate the potential role of various cytokines known to be associated with T-cell proliferation and immune activation, serum levels of IL-7, IL-1␤, IL-2, IL-5, IL-6, IL-10, IFN-gamma, and TNF-␣ were determined for 41 kinetics for which samples were available. A nonsignificant inverse correlation was observed between baseline CD4 counts and serum IL-7 levels ( ϭ Ϫ0.27, P ϭ .085, n ϭ 41). Moreover, there were no significant associations between IL-7 levels and any of the kinetic parameters of the model for either CD4 or CD8 T cells.
IFN-␥ trended toward a negative association with baseline CD4 counts ( ϭ Ϫ0.29, P ϭ .065) and TNF-␣ trended toward a positive correlation with baseline VL ( ϭ 0.3, P ϭ .059). Only IFN-␥ was associated with CD4 s 1 ( ϭ 0.31, P ϭ .048, n ϭ 41) with the significance improving slightly when only kinetics where VL more than 50 copies/mL were considered ( ϭ 0.38, P ϭ .043, n ϭ 29). Only TNF-␣ was significantly associated with CD8 s 1 ( ϭ 0.39, P ϭ .014, n ϭ 40). The significance again increased when only kinetics where VL Ͼ 50 copies/mL were considered ( ϭ 0.58, P Ͻ .001, n ϭ 29). Because TNF-␣ is also correlated with the VL, multivariate analysis with CD8 s 1 as output was performed with TNF-␣ and VL as covariates. The association between CD8 s 1 and TNF-␣ was lost when adjusted for VL (P ϭ .92).
Clinical events
No major toxicities were associated with the BrdU infusions, which were well tolerated. Of 53 patients who received BrdU under the current protocol (41 are included in the current report), 7 patients developed new or recurrent malignancies, including squamous cell carcinoma of the anus, squamous cell carcinoma of the tongue, Hodgkin lymphoma, non-Hodgkin large B-cell lymphoma, new or recurrent basal cell carcinoma of the skin, recurrent Bowen disease, and progressive Kaposi sarcoma in a patient with previously stable disease. These events occurred 8 to 171 weeks after a BrdU infusion. A Data and Safety Monitoring Board review requested by Correlation between CD4 s1 and CD8 s1. Thirty-one sets of kinetics with VL Ͼ 50 copies/mL (A) and 16 sets of kinetics with VL Ͻ 50 copies/mL (B). represents the Spearman rank correlation coefficient. A significant correlation is seen for patients with VLs Ͼ 50 copies/mL that is lost in patients with VL Ͻ 50 copies/mL. the study team concluded that, although BrdU could not be definitively associated with the development of malignancies in this clinical trial, an increased risk associated with BrdU infusion could not be ruled out. Based on the Data and Safety Monitoring Board recommendations, no additional patients were enrolled and no further BrdU was administered under this protocol. All patients were followed for 5 years after their last BrdU infusion, and no additional malignancies were identified during this follow-up period. However, 3 patients who continued to be followed in our clinic under other protocols developed (one each) squamous cell carcinoma of the anorectal region, squamous cell carcinoma of the neck, and ocular B-cell lymphoma (which responded to antiretroviral therapy alone) 301 to 420 weeks after their last BrdU infusion.
Discussion
Using in vivo labeling of proliferating cells, we have demonstrated that plasma HIV VL is strongly associated with s 1 of central and effector memory CD4 cells, as well as naive and effector memory CD8 cells, whereas CD4 cell number is inversely associated with s 1 of naive CD4 cells. Our results expand on prior observations based on in vivo BrdU and deuterium labeling, as well as ex vivo BrdU labeling and Ki67 staining, 1,2,10,11,19-21 by better defining kinetics in naive, memory, and activated subpopulations of T cells, and identifying potential modulators of proliferation. These data support the concept that 2 independent factors, VL and CD4 depletion, are playing an important role in lymphocyte turnover in the setting of HIV infection. 20, 21 Moreover, based on these data, endotoxin does not appear to be an important factor in CD4 or CD8 proliferation in this setting.
The primary driving force of turnover in most CD4 and CD8 memory cell subsets as well as CD8 naive cells is HIV itself. Immune responses, either innate or adaptive, appear to play an important role, as evidenced by the association of CD8 s 1 with TNF-␣ levels. In multivariate analysis, the significance of TNF-␣ significance was lost, whereas HIV remained significant, suggesting that HIV, rather than another factor, such as endotoxin, is driving TNF-␣ production. TLR engagement may be an important mechanism by which HIV mediates immune activation, given that HIV encodes ligands of TLR 7 and TLR 8 that can lead to TNF-␣ production as well as CD8 T-cell activation in vitro. 22 Type I interferons may also be playing an important role, 21,23-25 but we did not measure them in the current study. Given the strong correlation between CD4 and CD8 s 1 , it is probable that the same set of factors is driving proliferation in both T-cell subsets.
The primary driving force of turnover in naive CD4 cells is not HIV, but rather, is CD4 depletion; this thus likely represents homeostatic proliferation rather than immune-mediated activation. Whereas one prior study using Ki67 staining found a decrease in turnover soon after the initiation of HAART and before the normalization of CD4 cell numbers, suggesting that proliferation is not a homeostatic response, 1 our results are not inconsistent with these. In the latter study, CD4 cell numbers had increased substantially by the first post-HAART measurement (4 weeks); moreover, Ki67 staining at that point remained elevated in many patients, especially those with low CD4 counts. We have previously reported a decrease in proliferation of CD45RO Ϫ (nominally naive) cells 3 to 6 months after starting HAART but also found an inverse correlation between change in proliferation and change in recovery of naive CD4 ϩ T cells, consistent with homeostatic mechanisms. 18 A recent study using ex vivo labeling with BrdU or 5-ethynyl-2Ј-deoxyuridine also found an inverse correlation between naive CD4 cell proliferation and CD4 cell count, but no relationship with plasma VL. 21 Interestingly, although IL-7 levels correlated inversely with baseline CD4 counts, there was no correlation between IL-7 levels and any of the kinetic parameters. This suggests that increased IL-7 levels are a consequence of CD4 depletion but that IL-7 may not be the primary effector of CD4 reconstitution in this setting. Alternatively, plasma levels may not adequately reflect IL-7 levels present in the tissue microenvironment.
Although plasma endotoxin has been postulated to contribute to HIV pathogenesis, 15 it appears to play no significant role in the CM indicates central memory; EM, effector memory; and Act, activated. *One patient with very high naive CD8 T-cell estimate for s1 (38-fold higher than the average, statistically an outlier) was excluded from the CD8 naive analysis. Significant association with the VL is lost with the inclusion of this outlier.
†One patient with very high effector memory CD4 T-cell estimate for s1 (24-fold higher than the average, statistically an outlier) was excluded from the CD4 EM analysis. Significant association with the VL is lost with the inclusion of this outlier.
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For personal use only. on May 29, 2017 . by guest www.bloodjournal.org From increased proliferation of CD4 and CD8 cells seen in HIV infection. Among the potential markers of microbial translocation, there were weak associations of s 1 with endotoxin and EndoCab levels, but each was in a direction opposite to that previously reported, with a negative correlation for endotoxin and a positive one for EndoCab. 15 Thus, increased endotoxin levels are not associated with increased proliferation, which is a dynamic marker of HIV-associated immune activation. 11 Although sCD14 showed little correlation with kinetic parameters overall, in patients with VLs less than 50 copies/mL, it was strongly associated with the overall proliferation (s total ) of CD4 cells, and the percentage of activated CD4 and CD8 cells. Given the absence of correlation with other markers of microbial translocation, this suggests that sCD14 is a more general marker for monocyte activation rather than a specific marker for endotoxin-mediated activation, or, alternatively, is an acute phase reactant. 26, 27 Consistent with this, a recent microarray study found that the gene expression profile of monocytes in HIV-infected patients most closely resembled that seen in vitro after stimulation with INF-␣, rather than stimulation with either IFN-␥ or endotoxin. 28 The proportion of CD4 cells in the rapidly proliferating pool (s 1 ) was consistently greater than that of CD8 cells, in agreement with previous observations. 20, 29 In concordance with this, peak levels of labeling were also greater for CD4 cells. These findings suggest that the proliferation is not primarily antigen induced because CD8 cells show a much greater expansion than CD4 cells in response to viral infections, such as lymphocytic choriomeningitis virus. 30 It is unlikely to represent combined homeostatic and immune-mediated proliferation because memory and activated cells, for which we did not identify a homeostatic component, showed a similar pattern. Why CD4 cells would respond with greater proliferation is uncertain but may be related to the specific profile of cytokines or other immunoregulatory molecules that are up-regulated as part of the immune activation associated with HIV. This relentless high proliferation rate may be an important contributor to the ongoing CD4 depletion that is characteristic of untreated HIV infection.
Ki67 is commonly used as a surrogate for proliferation, although some studies have found that it may be a poor marker in the setting of HIV infection. 31 In the current study, Ki67 correlated better with overall proliferation (s total ) than with s 1 and correlated better with CD8 than CD4 proliferation. In multivariate analysis where Ki67 was substituted for s 1 in those patients for whom both Ki67 staining and in vivo BrdU labeling were available, the associations with VL or CD4 count decreased substantially and the predictive values were approximately halved compared with those with s 1 output (data not shown). Thus, Ki67 is an acceptable, although not perfect, marker for in vivo proliferation, but measurement of Ki67 does not give information about the dynamics and correlates of the rapidly and slowly proliferating pools of cells.
Intriguingly, whereas effector memory proliferation (s 1 ) for both CD4 and CD8 cells correlated strongly with VL, proliferation of activated cells (HLA-DR ϩ 38 ϩ ) was unrelated to VL, although the percentage of activated CD4 and CD8 cells did show a correlation. These data suggest that HIV is driving the activation of both populations; however, once activated, proliferation proceeds independently of HIV, possibly as a direct biologic consequence of activation, given that activated cells showed the highest levels of proliferation. Alternatively, other factors may be driving proliferation, although neither cytokine levels nor markers of microbial translocation correlated with s 1 in these cells.
We stopped administration of BrdU under this protocol after the occurrence of new or recurrent malignancies in 7 patients during the 5-year follow-up period; 3 additional malignancies occurred 6 to 8 years after BrdU administration. The relationship of these malignancies to BrdU administration is uncertain, given the small number of cases and the diversity of malignancies. BrdU had previously been used as a labeling agent in National Cancer Institute-sponsored studies in Ͼ 4000 patients, with no reported increase in malignancies. The malignancies seen included basal cell carcinoma, the most common cancer of humans, as well as malignancies seen with increased frequency in HIV-infected patients, including Kaposi sarcoma, non-Hodgkin and Hodgkin lymphoma, and anal carcinoma. [32] [33] [34] [35] The latter occur at frequencies ranging from 0.03% to 0.3% per year, with a higher risk in patients with lower CD4 counts and higher VLs. 32, 35 Given the uncertainty of the association between malignancies and BrdU administration, the Data and Safety Monitoring Board reviewing the study recommended that, if future protocols use BrdU, the informed consent should state that there may be an increased risk of malignancies and should include a summary of the data from the current study. We concur with this recommendation and advise caution in using BrdU as a labeling agent in this population.
In conclusion, in vivo labeling with BrdU has demonstrated that HIV is the primary factor leading to activation and proliferation of most subsets of CD4 and CD8 T cells, although in naive CD4 cells homeostatic proliferation is an important driving force. Endotoxin For personal use only. on May 29, 2017 . by guest www.bloodjournal.org From does not appear to play an important role in CD4 or CD8 proliferation. Although current options for in vivo labeling are limited, ex vivo labeling with BrdU or 5-ethynyl-2Ј-deoxyuridine, can provide an alternative method for further studying the mechanisms contributing to activation and proliferation in the context of HIV infection. 20 
